The authors describe a classroom experiment that illustrates the research and development investment incentives facing firms when technological spillovers are present. The game involves two stages in which student sellers first make investment decisions then production decisions. The classroom game can be used to motivate discussions of research joint ventures, the free-rider problem, collusion, and antitrust policy regarding research and development.
Shortly after the passage of the NCRA, 14 leading semiconductor firms formed the consortium for Semiconductor Manufacturing Technology (Sematech). Sematech was formed to increase the return to R&D by increasing the extent to which new knowledge could be internalized. In general, because of the steep learning curves in production of memory chips and microprocessors, firms in the semiconductor industry can realize large efficiency gains from joint ventures (Irwin and Klenow 1996) A potential drawback of allowing R&D cooperatives is that they may increase the likelihood of coordination in the final goods market by member firms. That is, the joint R&D venture can act as a forum to discuss product market prices (Martin 1995; Lambertini, Podder and Sasaki 2002) . Indeed, according to Scherer (1980, p. 430-431) , the "most egregious price-fixing schemes in American history" were brought about by research cooperatives. While R&D cooperatives are legal in many countries all legal systems make a distinction between joint R&D decisions and joint production decisions, where naked collusion, without extenuating benefits, is typically illegal (see e.g. Jorde and Teece 1990).
In summary, discussions about R&D investments include many issues that students typically find difficult to grasp: positive externalities, free-rider behavior, tacit collusion, and private and social benefits to R&D.
We present a classroom game that illustrates the R&D investment incentives facing firms, particularly in markets where technological spillovers are high, as an aid for teaching these issues. It involves a two-stage game in which student "sellers" make investment decisions in the first stage and production decisions in the second stage. R&D investments reduce the seller's second stage costs of production but may also reduce rivals' cost of production. We present many treatments, which can be implemented individually or together, depending upon classroom time constraints. The treatments demonstrate the free-rider problem in investment decisions when technological spillovers are present, how R&D cooperatives can be used to alleviate incentive problems, and the temptation to coordinate on final good production when coordination of R&D investments is permitted. The observed decisions in this experiment can be used to stimulate discussions of spillovers, several types of R&D cooperatives, tacit (or explicit) collusion, and antitrust and competition policy regarding investment in innovations. The game is intended for students in second-to fourth-year economics courses. To aid classroom discussion of experimental results, we summarize results from experiments conducted in Industrial Organization classes at the University of Amsterdam.
OVERVIEW
The experimental set-up is based on the seminal model of Kamien, Muller and Zang (1992) , hereafter KMZ. 6 The experiment consists of many independent markets in which the same good is exchanged.
(Instructions are provided in Appendix A.) Each student is one of two sellers in one of the markets. Every seller has 10 widgets to sell per period. Each trading period is a two-stage game in which sellers choose how much to invest in R&D in the first stage. R&D investment reduces production costs in the second stage in which sellers are Cournot competitors in the final goods market. In particular, every unit investment results in a cost reduction of the square root of the number of units invested. After all sellers have made their investment decisions, the decisions are displayed on the blackboard. Sellers then determine the number of widgets they wish to sell. The price earned for each widget sold is 40 minus the total number of widgets sold by both sellers in the market. When all sellers have made their quantity decisions, the trading period ends.
This two-stage game is played for a number of periods.
There are three variations of the classroom experiment and the decision sheets for each treatment are provided in Appendix B. Each of the four treatments can be conducted alone or in combination with any other treatment depending upon classroom time constraints and the economic concepts you wish to emphasize. In the baseline treatment cooperation among sellers in R&D investments is not permitted and a seller's own investment decision determines her costs of production (i.e., there are no investment spillovers).
Treatments 2 through 4 are best used in combination with the baseline treatment and can be divided into two groups: those that permit coordination in R&D decisions and those that do not. For a summary, see Table 1 .
[Insert Table 1 about here]
In treatment 2, sellers are permitted to coordinate their investment decisions (but not final goods production). The experiment is designed such that coordinated R&D decisions are binding, that is, in the experiment sellers cannot deviate from the cooperative R&D levels chosen in their agreement (see next section for procedural details). As in the baseline treatment, the seller's own investment determines her costs. KMZ labeled this scenario R&D-cartel. The second treatment illustrates the effects of R&D cooperation when investment spillovers are not present. Theory predicts R&D investments will decline under this treatment because coordination reduces investments to the joint monopoly level while whereas there are no positive externalities to internalize (d 'Aspremont and Jacquemin 1988) .
In the third treatment a seller's cost is reduced by the total amount of investment undergone by both sellers (i.e., there are full investment spillovers), but sellers are not permitted to cooperate in R&D decisions. This scenario is labeled research joint venture competition (RJV competition) by KMZ. Treatment 3 illustrates the free-rider problem arising from full investment spillovers. 7 Theory predicts RJV competition yields the lowest levels of R&D investments of all treatments considered.
The final treatment allows for cooperation in R&D investments under full spillovers (RJV cartel).
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Treatment 4 illustrates the benefits and drawbacks of R&D cooperation. R&D cooperation is beneficial in that it alleviates the free-rider problem in R&D investments (present in treatment 3). However, while they work together in the research lab firms may discuss non-R&D related market strategies with rivals facilitating illegal collusion in the product market. An interesting feature of treatment 4 (and 2) is that you may observe (illegal) collusion in quantity decisions arising from the contact sellers make during R&D
decisions. This provides an opportunity to discuss antitrust policy with regard to collusion and R&D cooperatives (Martin 1995) .
Although each of the treatments can be conducted individually, it is most informative to discuss results relative to the baseline case (treatment 1). Because the time necessary to perform all treatments exceeds a typical classroom allotment, Table 2 provides a summary of some of the possible treatment combinations, related economic concepts, and time allocation recommendations (including time for discussion).
[Insert Table 2 about here]
PROCEDURES
In preparation for the experiment you will need to make copies of the instructions and the decision sheets in appendices A and B, and set up a record table on an overhead transparency or on a blackboard. Per market (i.e., per pair of students) the record table should contain one column for the investment decision and one for the quantity decision with enough rows for about five periods. In each cell you will record the decision made by each seller in each period. You will need two assistants, one to help gather decision sheets and one to help record results. If you plan to conduct treatments 3 or 4, you should make copies of Table C1 in Appendix C, which gives cost reductions for large total R&D investments.
Before starting the experiment, select two student assistants. Ask the assistants to distribute the instructions, and, while they are doing so, count the students and determine how many markets and sellers you wish to have. In general, five markets with two sellers in each works well (resulting in 10 sellers). Rather than increasing the number of sellers for larger classes, we have found that allowing students to work in pairs, where two (or three) students represent one seller decreases the amount of time necessary to conduct the experiment and enhances understanding. Number the decision sheets accordingly with a different number for each seller. To prevent sellers in the same market from interacting, the groups of sellers should be seated in separate areas of the room. For example, for an experiment with six sellers arrange three on one side of the room (say sellers numbers 1-3) and the remaining (numbers 4-6) on the other. Once the sellers are seated, distribute the decision sheets and read the instructions aloud. The students may have questions at this point but try to keep discussion to a minimum.
After the first round of investment decisions, ask an assistant to collect the decision sheets. At this time the sellers in each group are randomly assigned to a market. For example, to assign sellers randomly to a market for an experiment involving 3 markets with 2 sellers each, shuffle the decision sheets for the first three sellers then randomly choose one of the sheets -the chosen seller is assigned to the first market, the second seller drawn is assigned to the second market, etc. Shuffle the decision sheets for the other three sellers (numbers 4-6) and assign markets analogously. This random assignment of sellers over markets can be done in each period or only initially. 10 As we discussed in the previous section, one interesting feature of this experiment is that (tacit) collusion in the product market may occur in treatments 2 and 4. If you plan to discuss the potential for collusive behavior, we recommend assigning sellers to each market once at the beginning of the experiment as collusion is easier to sustain when the same sellers compete with each other for several periods (see, Ellison 1994) .
Record on the blackboard the amount each seller has invested in each market. Return the decision sheets and ask sellers to calculate their costs. Table C1 to the students (or projecting it on an overhead projector) speeds the process when conducting treatments 3 and 4.
After the sellers have calculated their costs, ask them to make their production decision. Collect the decision sheets, record the production decisions on the blackboard, and redistribute the decision sheets so sellers can determine the price in their market. 11 Ask sellers to determine their profits (and cumulative profits) by filling out the rest of their decision sheet for this period. After sellers have calculated their profits, begin the next period by asking every seller to make a new investment decision.
In treatments 2 and 4 coordinated investments are permitted. At the beginning of each period in treatments 2 and 4, sellers in each market must sit together so they can discuss their investment decisions. To start the period ask one seller from each market to move (temporarily) to the other side of the room to be seated next to his rival. Ask sellers to begin the experiment by talking with their rival and jointly determining investment decisions. Once they have reached a mutually agreeable decision sellers should record their own investments, the total market investment, and the resulting cost on their respective decision sheets. For the experiment to reflect the KMZ model, the R&D cooperation stage must be binding. That is, the coordinated investment level must be the actual amount invested. To guarantee a binding decision the assistant should collect the decision sheets while rival sellers are seated together and should verify (with both sellers) that the recorded investment levels are correct. Following verification, the assistant records the investment on the blackboard while sellers return to their original seats.
After the sellers have returned to their seats, redistribute the decision sheets and ask the sellers to make their production decision. Collect the decision sheets, record the production decisions on the blackboard, and redistribute the decision sheets so sellers can determine the price in their market and their profits. After sellers have calculated their profits, begin the next period by asking sellers to be seated next to their rival and to determine their new investment decisions.
If you wish to discuss the potential for product market collusion, we recommend repeating treatment 2 or 4 for a few periods until you observe choices consistent with collusion (decreased output). Tacit collusion in finite supergames typically breaks down when the last period is in sight (Selten and Stoecker 1986) . This suggests that an alternative way to detect collusive behavior is to mention at the start of the final round that it is the last round. As we discuss in section 4, in markets with tacitly colluding sellers, announcing the final round hindered coordination and typically yielded (much) larger production levels in the classroom experiments we conducted. Table 3 summarizes equilibrium investments and production levels for all treatments for the demand and cost specifications mentioned earlier including the equilibrium levels arising from collusion in the product market. 12 As the table indicates, for the parameter values chosen in this experiment R&D investments are lowest in treatment 3 (because of free-riding) and they increase when R&D cooperatives are permitted in treatment 4. Not surprisingly, product market collusion results in lower production levels, increased profits at the expense of consumers, and an overall increase in deadweight loss, relative to treatments without product market collusion. An obvious parallel between both stages of the production chain exists in that coordination of R&D decisions and coordination of production decisions always (weakly) increases firm profits. Cooperation weakly increases profits because under cooperation players can always coordinate on the noncooperative Nash equilibrium.
[Insert Table 3 about here]
Coordination of R&D investments may lead to increased consumer surplus if coordination results in larger investments. Whether increased investments are a result of R&D cooperation depends upon the extent of technological spillover in the market (d' Aspremont and Jacquemin 1988) . On the other hand, profitable coordination of production always leads to a reduction in total output, and hence to a reduction of consumer surplus. A "social dilemma" arises regarding the production decision: if firms are able to coordinate, they restrict production to increase profits while reducing consumer surplus. More interestingly, a social dilemma can arise when firms cooperate in R&D: coordination of R&D investments enhances profits while it reduces consumer surplus if coordination implies a reduction in R&D efforts. Indeed, Katz (1986) and Leahy and Neary (1997) found that R&D cooperatives may negatively affect welfare when R&D spillovers are low. The rationale is that R&D cooperation acts as a surrogate for product market collusion, resulting in decreased production and R&D investment. However, in practice, evidence indicates that spillovers are high and R&D cooperation leads to improved welfare, especially when it facilitates information sharing among consortium members.
DISCUSSION OF RESULTS
Students will be eager to discuss profits. Begin by asking who earned the highest cumulative profit and which treatments were more profitable. Lead the students to the understanding that profits are directly related to investment decisions. For instance, you can ask students if they choose different investment levels in the different treatments and why. For treatments involving spillovers, students may not immediately realize that spillovers in investments result in a free-rider problem, but a way to reach this understanding is to ask some leading questions. You may want to ask those students who invested less in the final periods why they reduced their investment levels. Typically the students were either responding to low investment levels of their rival (because the rival was free-riding) or trying to free-ride off the rival's investments. The students should reach this understanding quite naturally and, if they have had some game theory courses, may relate the situation to that of the prisoners in the prisoner's dilemma game.
Students may be interested if there are spillovers and how they arise. This type of discussion leads naturally into a lecture on R&D incentives. You can ask students for suggestions of ways to alleviate this problem. Is there a role for the government? Should cooperation in R&D be legal under certain circumstances? The classroom discussion can then progress to the benefits of R&D cooperatives and the prevalence of them in various industries such as the semiconductor industry and the mining and manufacturing industry.
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In treatment 4 sellers may form RJV-cartels and, as Table 3 illustrates, R&D investments increase relative to treatment 3. This is because the free-rider problem accompanying technological spillovers is overcome by coordination of R&D investments. You can begin the discussion by asking sellers if they choose different investment levels in treatment 4 and why. If you had the time to conduct treatment 3 prior to 4, then the benefits of RJV-cartels will be evident. For instance, you could highlight the trend in investment levels from your experiment. This is illustrated in Figure 1 where the average per-period R&D investment levels are shown for treatments 1, 3 and 4 as they emerged in experiments conducted during a summer school of the
Economics Network for COmpetition and REgulation (ENCORE).
14 We found, on average, a highly significant increase in R&D investments (p = 0.00; all reported p-values relate to a t-test). Alternatively you could focus on a seller who invested less than in the baseline treatment and ask why they choose to do so.
Here there are two forces at work. On the one hand technological spillovers reduce R&D investment incentives as they reduce rivals' production cost. On the other hand both sellers benefit from rivals' R&D investments. The predicted drop in R&D investment from the technological spillover can thus be reduced because of coordination of the R&D investment decision.
[Insert Figure 1 about here]
If you did not conduct treatment 3, you can ask students if they would have invested the same amount if they were not making the decision jointly. If the free-rider problem isn't evident, you could single out a student
and ask her what she would do if her rival invested 25 and why. Regardless of her answer, you can ask the class if anyone would have made a different decision.
Once you have finished discussion surrounding the benefits of RJV-cartels, you can discuss potential drawbacks. You may have observed (illegal) cooperation in production levels. Students will typically respond honestly to the question, "were any of you deciding jointly how much to produce?" If output is set jointly then some students may defect by increasing their final round output level. We observed final round defection in the form of increased outputs in the majority of the experiments we conducted. Figure 2 contains the average per-period output decisions corresponding to the results in Figure 1 . It suggests indeed that in treatment 4, in some markets, production levels were jointly set (although the average production in the second-to-last period, 5.0, does not differ significantly from the average production of 5.6 in the last period).
[Insert Figure 2 about here]
These results can motivate discussion of antitrust policy and the fine line between encouraging investment while prohibiting collusion on output. To illustrate this tradeoff you can discuss total welfare results under different treatments, as in Table 3 .
Finally, it is worthwhile to highlight the two-stage nature of the game. To do so, you could ask students if they considered their quantity choices when making their investment decisions. Further discussion of the form "so you thought about your last decision before making your first decision?" leads into an explanation of how to find an equilibrium in a multi-stage game (by starting at the last stage). Table 4 presents results from a number of classroom experiments conducted in Industrial Organization courses at the University of Amsterdam. Note that the experimental outcomes were not always consistent with the levels predicted by theory (see Table 3 ). 15 Therefore, it is possible that the outcome from your experiment will involve different levels than predicted by theory. The results suggest that questions of the form: "Did you invest more or less (relative to other treatments)?" rather than, "How much did you invest?" will be more successful in getting across the economic concepts that the experiment is intended to emphasize.
It is worth noting that the average production values compare well to the theoretical predictions. We conjecture that this occurs because our parameter choices make the equilibrium production levels of all four treatments almost identical. Further, comparing treatment 3 to treatment 1, we see that when spillovers are present but sellers are not permitted to cooperate in R&D decisions, R&D investment levels fall relative to the benchmark treatment.
FURTHER READING
We describe an experimental game designed for use in undergraduate classrooms. The experiment can be used to teach concepts related to R&D cooperatives, spillovers, collusion, and government antitrust policy regarding investment in innovation. Our classroom article is in the spirit of many others used as an aid in teaching topics common to Industrial Organization such as predatory pricing behavior, asymmetric information, rent seeking behavior, and auctions. 16 Wells (1991) and Williams and Walker (1993) provided surveys of the classroom experimental literature.
In addition to classroom experiments, numerous laboratory experiments explore issues related to Industrial Organization. Suetens (2005) investigated whether the level of technological spillovers affects R&D investment levels. When spillovers are absent she found that coordination of R&D investment decisions lead to lower R&D investments, while when spillovers are maximal the opposite is observed. Finally, Holt (1995) and Chapter 7 of Davis and Holt (1993) provided an extensive survey of the experimental Industrial Organization literature.
Appendix A. Instructions
In this experiment there are many independent markets in which the same good is exchanged. Each of you is a seller in one of the markets for a series of periods. At the beginning of the experiment you will be randomly paired with another seller, so in each market there will be two sellers. During the experiment you will stay in the same market. Each of you has 10 widgets to sell. For each widget that you sell you will incur a basic cost of 25 that can be reduced through an investment. That is, in each period, you can decide to make an investment that will lower your costs for that period. Once you have made your investment decision, write the number of units you wish to invest on your decision sheet, in the appropriate column for the current period. After all sellers have made their investment decisions we will collect your decision sheets and write the investment decisions on the blackboard.
When all of the decisions have been recorded on the blackboard we will return the decision sheets to you.
You will then be asked to choose the number of widgets you wish to sell. All widgets that you sell will be sold at the same price. You can sell at most 10 widgets and the number of widgets offered must be positive and an integer. You must write the number of widgets you selected on your seller decision sheet, in the appropriate column for the current period. After all sellers have chosen the number of widgets to sell, the decision sheets will be collected and the quantity decisions will be written on the blackboard. When all of the production decisions have been recorded on the blackboard we will return the decision sheets to you. 2) cost reduction (from table) 3) cost per widget (from table) The decision sheets will be collected, all investments will be written on the blackboard, and the decision sheets will be returned
4) number of widgets you offer (max 10)
The decision sheets will be collected, all widget offers will be written on the blackboard, and the decision sheets will be returned again 2) total investment in your market 3) cost reduction (from table) 4) cost per widget (from table) The decision sheets will be collected, all investments will be written on the blackboard, and the decision sheets will be returned again
5) number of widgets you offer (max 10)
The decision sheets will be collected, all widget offers will be written on the blackboard, and the decision sheets will be returned again 
Appendix D. Nash equilibria
The model that we describe here is a special case of Kamien et al. (1992) in that the R&D production function is made explicit and that only two rather than n firms are considered. The spillover parameter β is allowed to take on any value between 0 and 1. For the treatments described in the text it is either 0 (treatments 1 and 2) or 1 (treatments 3 and 4). The equilibrium R&D levels for these two special cases are also provided below.
Set-up
Assume linear demand,
, and constant marginal cost, c. Individual firm profits are: 2 See Arrow (1962) for an early analysis of this aspect of R&D in relation to market structure.
3 One way to diminish this leakage of information is to apply for a patent. Patents, however, do not optimally protect innovations (Mansfield 1985) . Moreover, from a welfare point of view, patents carry a fundamental cost; the marginal cost of information sharing is often close to zero whereas a patent allows the innovator to charge the monopoly price.
For more on this topic see Spence (1984) , d 'Aspremont and Jacquemin (1988) , Kamien, Muller, and Zang (1992) , and Amir (2000) . practical application for experimental and demonstration purposes..., (d) the collection, exchange, and analysis of research information, or (e) any combination of the [above] ." Unfortunately, the academic literature is not consistent regarding classification of the different forms of R&D cooperatives. Throughout this article, we follow the definitions of Kamien, Muller, and Zang (1992) . 6 Although there are other models of innovation, KMZ allows for a simple presentation of the role of spillovers, of the effects of R&D cooperation, and of the potential for product market collusion, which makes it ideal for our purposes. 7 We focus on minimal and maximal spillovers to highlight the typical aspects of R&D investments. It is straightforward to modify the experiment to include any intermediate value of spillovers. In particular, rather than stating that production costs are reduced by the square root of total R&D investments (i.e,. the case of full spillovers), you can indicate that the cost reduction equals the square root of anyone's own R&D investment plus, say, half of what one's rival invests (i.e, spillovers are 50 percent). 8 We assume spillovers are exogenous. Formation of an R&D cooperative does not influence the rate of technological spillover. See KMZ and Amir, Evstigneev, and Wooders (2003) for models with endogenous spillovers. In addition, we assume firms are able to realize the exogenous spillovers. The instructor may wish to note that in practice firms may have to invest in "absorptive capacity" in order to realize R&D spillovers. For more on this topic, see Cohen and Levinthal (1989) and Kamien and Zang (2000) . 9 For more on group versus individual decision making see Bornstein and Yaniv (1998) and Blinder and Morgan (2000) . 10 The instructions provided in Appendix A are written for initial random assignment but can be modified to allow for random assignment every period.
11 Alternatively, after writing the production levels on the blackboard, you can record the resulting market price. If you intend to do this reserve enough space to include the market price on the record table. 12 The equilibrium values correspond to a stylized version of KMZ presented in Appendix D. We chose parameter values such that the Nash equilibrium quantities do not change significantly across treatments, while there is substantial variance in equilibrium R&D investment levels across treatments. This specification was used both to ease discussion and to help students focus foremost on the R&D investment decision. We can provide an excel sheet on request that can be used to generate the equilibria for any parameterization of demand, cost, and spillovers for all treatments including product market collusion. 12.5 5.0 50.0 37.5 125.0 a) Note that in case of product market collusion the equilibrium is not to be labeled a Nash equilibrium. 
FIGURE 2
Output results during an ENCORE summer school.
